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The  authors  have  collected  data  for the  silver  market,  shedding  light  on  market  size, stocks  in society  and
silver ﬂows  in society.  The  world  supply  from  mining,  depletion  of  the  remaining  reserves,  reducing  ore
grades,  market  price  and  turnover  of silver  was  simulated  using  the  SILVER  model  developed  for  this  study.
The model  combines  mining,  trade  markets,  price  mechanisms,  populations  dynamics,  use  in  society  and
waste and  recycling  into  an  integrated  system.  At  the  same  time  the  degree  of sustainability  and  resource
time horizon  was  estimated  using  different  methods  such  as: 1: burn-off  rates,  2:  peak  discovery  early
warning,  3:  Hubbert’s  production  model,  and  4: System  dynamic  modelling.  The  Hubbert’s  model  was
run  for  the  period  of 6000  BC–3000  AD,  the  SILVER  system  dynamics  model  was  run for the  time  rangeecycling
odelling
ustainability
1840–2340.  We  have  estimated  that the  ultimately  recoverable  reserves  of silver  are  in  the  range  2.7–3.1
million  tonne  silver  at present,  of  which  approximately  1.35–1.46  million  tonne  have  already  been  mined.
The  timing  estimate  range  for peak  silver  production  is  narrow,  in  the range  2027–2038,  with  the best
estimate  in  2034.  By  2240,  all silver  mines  will  be  nearly  empty  and  exhausted.  The  outputs  from  all
models  converge  to  emphasize  the  importance  of  consistent  recycling  and  the  avoidance  of irreversible
losses  to make  society  more  sustainable  with  respect  to  silver  market  supply.
 2013©
. Introduction
It is a fact beyond discussion that silver is a limited resource
n the globe. Because silver always was rather rare and in short
upply, it served as a measure of value. Silver was  man’s ﬁrst cur-
ency, though in the ﬁrst millennium of its use as money, it was
sed in unstandardized units. The silver market is a market within
et physical limits and mining production is subject to mass bal-
nce limitations. Thus, an integrated assessment of the security of
ong-term supply and the adequacy of the Earth’s silver reserves is
f importance for society at large. Gordon et al. (2006), Rauch and
raedel (2007), Greer (2008), Heinberg (2008), Laherrere (2010),
agnarsdottir (2008), Ragnarsdottir et al. (2011), Sverdrup (2011)
nd Sverdrup et al. (2013c) expressed concerns about potential
carcity of silver. Silver has been manufactured by humans since at
east 3000 BC, ﬁrst from ores with native silver and later from lead
res. After gold and copper, silver was the third metal for humans
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to ﬁnd and work. In modern times, silver is supplied in signiﬁcant
amounts from mining of zinc, lead and copper.
1.1. Hypothesis, objectives and scope
Our hypothesis is that the price of silver and its physical avail-
ability can be modelled based on a systemic mapping of silver ﬂows
in the world silver trade system, and an assessment will show the
risk for shortage of silver expressed as decreased production and
increased prices to be signiﬁcant in the next 30 years. We  evalu-
ated the silver supply for the whole globe in a generalized way, and
include simulations that cover both the short term and long time
into the future, giving simulations covering the time-span of 500
years (1840–2340). To undertake this task for silver, we  pulled into
the picture the availability of fossil fuels and the size of the human
population of the future. This was done by using a preliminary ver-
sion of a global civilization model presently under development;
The WORLD model (Sverdrup et al., 2013c). Previously authors
have published some estimates of quantiﬁcation of when a peak in
silver production may  occur, but none have ever done any inte-
grated systems modelling on the issue. References of earlier work
Open access under CC BY-NC-ND license.that we build on include Ragnarsdottir et al. (2011), and Sverdrup
et al. (2013c) who  gave the peak production year 2032, based on a
simple analysis with the Hubbert’s peak production model. Roper
(2006) published a report on the internet; he gave the peak year
 license.
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f 2031. Heinberg (2001, 2005, 2011), indicated peaking of silver
roduction between 2030 and 2040, based on burn-off estimates.
. Methods, theory and deﬁnitions
.1. General
We  apply the following fundamental assumptions:
. The laws of thermodynamics are universally valid, the principles
of mass and energy balance apply everywhere with no exception.
. We  assume that the ofﬁcial statistics on reserves in the ground
have the correct order of magnitude.
We  analyze the system using ﬂow charts based on box-arrow
ymbols and causal loop diagrams. Many of the data sources are
ot consistent between them and we will when necessary make
xpert judgement on what we think is the most likely ﬁgures when
here are uncertainties.
.2. Models used
We  use several different types of methods in order to esti-
ate the time horizon of a raw material or metal resource scarcity
Ragnarsdottir et al., 2011) by employing these methods:
. The burn-off time is a worst-case scenario, and gives a diag-
nostic indication for how long the resource will last. It does not
consider exponential growth nor market price mechanisms. The
burn-off time is deﬁned as the estimated extractable resource
divided by the present net yearly extraction rate. This is an accu-
rate estimate in a stagnated economy, but an overestimate in
a growing economy. The burn-off is deﬁned as (Ragnarsdottir,
2008; Ragnarsdottir et al., 2011):
Burn-off time = Known reserves
present production
(1)
This gives us a sense of a time-frame until the resource is
depleted as a diagnostic variable to evaluate the urgency of the
situation at hand.
. Peak discovery early warning. Earlier work has shown that
there is a systematic shift of 40 years between the peak discov-
ery and the production peak (Heinberg, 2001, 2005, 2011; Bardi
and Pagani, 2008):
Peak production time = Peak discovery time + 40 years (2)
The gap of 40 years is suggested by Ragnarsdottir et al. (2011)
and partially documented by Sverdrup et al. (2013c).
. Hubbert’s model estimates of peak production and time to
scarcity. The Hubbert’s curve is deﬁned by the simple equation
for cumulative production (Hubbert, 1966, 1972, 1982; Bardi and
Yaxley, 2005; Sverdrup et al., 2013c):
m(t) = URR
1 + e−b×(t−tMAX) (3)
where m is the sum of all resource produced to time t, and tmax
is the time of the peak production, URR is the size of the whole
resource, and b is the curve shape constant. The annual produc-
tion is given by:
P(t) = 2  × PMAX
1 + cosh (b × (t − tMAX))= 1
2 × b ×
URR
1 + cosh (b × (t − tMAX))
(4)
where PMAX is the maximum production rate, P(t) is the produc-
tion at time t. If we can distinguish several independent reservesn and Recycling 83 (2014) 121– 140
or groups of reserves, these may  be modelled individually and
the results summed up at the end. The curve will be consistent
with the reserve estimates. The amount mined until now is given
by the integral of Eq. (3):
m(t) =
∫ t
0
P(t)dt = 4 × PMAX
b × (1 + e−b×(t−tMAX)) (5)
This may  be turned around to yield the estimation for the time
of the peak if we  know the overall average b and the maximum
production or the ultimately recoverable amount (URR) of the
resource:
tMAX = tNOW +
1
b
ln
(
4 × PMAX
b × mNOW
− 1
)
= tNOW +
1
b
ln
(
URR
mNOW
− 1
)
(6)
The estimate of tMAX is sensitive to the accuracy of the estimate
of b. URR is given by:
URR = 4 × PMAX
b
(7)
In case n curves are used to generate the full cumulative pro-
duction curve, we get as illustrated in Fig. 1:
m(t) =
i=n∑
i=1
mi(t) =
i=n∑
i=1
URRi
1 + e−b×(t−tMAX,i)
(8)
and for the total URR:
URR =
i=n∑
i=1
URRi =
i=n∑
i=1
4 × PMax,i
bi
(9)
The peak time must be determined from the maximum
among the different local production maxima available under
the assumption that this is the overall maximum production;
this is found by a rearrangement of Eq. (5):
tMAX = tNOW +
1
b
ln
(
4 × max[PMAX,i]
b × mNOW
− 1
)
= tNOW +
1
b
ln
(
4 × max[PMAX,i]
b × mNOW
− 1
)
(10)
If we cannot set b accurately with one curve, then tMAX must be
graphically determined by curve-ﬁtting. The composite curves
drawn in this study are adjusted so that the amounts under the
curves correspond to the best estimate of the Ultimately Recov-
erable Reserve (URR). Fig. 1 illustrates how the curve for silver
was  constructed using a Hubbert’s function several times and
adding them up as is shown in the ﬁgure.
4. System dynamic modelling was  used to reconstruct the past
for explanatory and testing purposes, to estimate the time to
production maximum, and to study the rate of decline to silver
scarcity after the maximum production rate has been passed.
The ﬂow pathways and the causal chains and feedbacks loops
in the system are mapped using systems analysis, and then
the resulting coupled differential equations are transferred to
computer codes for numerical solutions, using an environment
such as STELLA®. The methods are those of systems analysis
and systems dynamics, incorporating mathematical modelling
of complex systems (Senge, 1990; Sterman, 2000; Haraldsson
and Sverdrup, 2004; Meadows et al., 1972, 1992, 2005; Sverdrup
et al. 2013a,b,c). This approach gives more detail, demands more
insight and can include more factors, but is more difﬁcult to
parameterize. For dynamic modelling, elaborate ﬂow chart and
causal loop systems analysis charts are needed.
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Of these methods, we use 1–3 to give diagnostic indicators of risk
f problems in the future. Method number 4 is used for predictions
nd in-depth analysis. When the basic assumption of boundary con-
itions once used to be constant, are no longer valid, then static
ethods like 1–2 are invalid. Then fully integrated, process and
echanism-oriented dynamic models are required.
.3. Data collected and the assumptions made to ﬁll gaps
Much information for silver when it comes to amounts in soci-
ty and industrial ﬂows is not available in the published scientiﬁc
iterature. K. A. Rasmussen Precious Metals Industries a/s, Hamar,
orway, has been 140 years in the silver trade, and the company
as archives and access to databases that are off limits for most
esearchers. Some of the information used here comes from such
ources, and will be identiﬁed when used in this study. The global
ilver production from mines from 1800 to the present was  taken
rom the United States Geological Survey (USGS, 2006, 2007, 2009,
012). The data on silver price is from USGS (2011–2013), expressed
n 1998 US dollars. General information on ﬂuxes, stocks and min-
ng production was taken off the website of Statista (2010) The
ilver Institute (2003), Amemiya (2007), Brewster (2009), CPM
roup (2011), Geoscience Australia (2009), Johnson et al. (2007),
atterson (2008, 2012), Radetzki (2008, 2012) and Reck and Graedel
2012). Most actors trade through the metal market, and throughated Hubbert’s model for reserves and production assessment, creating a Hubbert’s
trade is geographically dispersed, it is linked through the price sys-
tems at the London and New York Metal exchanges.
The huge spike in silver price in 1981 occurred when the Amer-
ican Hunt brothers in Texas tried to corner the silver market
for speculative purposes. Beginning in the early 1970s, the Hunt
brothers began accumulating large amounts of silver. In the last
part of 1979, the brothers had silver stocks of 3100 tonne silver.
During the Hunt brothers’ accumulation of the precious metal,
the silver price rose from 350 $/kg in September 1979 to 1610
$/kg in January 1980. Silver prices went down to below 350 $/kg
two months later (March 1980). This illustrates the low liquidity
of the silver market, that removing 3100 tonne from the mar-
ket increased the price this much (460%). Certainly there was a
signiﬁcant drag-along of other speculators that further reduced
market availability. How large this drag-along was, is difﬁcult to
assess.
Figs. 2–4 shows ﬂow charts for world silver material ﬂuxes (data
from The Silver Institute website, Gordon et al., 2006, Graedel et al.,
2011a, Rauch and Pacyna, 2009, Graedel et al., 2004 and personal
knowledge by the authors). Fig. 2 shows the market ﬂows esti-
mated for 2012 for silver. These values differ signiﬁcantly from
published sources, but we hold them to be more accurate than the
earlier published estimates. Fig. 3 shows present market ﬂows esti-
mated for 2012 for silver. Silver is found in some main ﬁelds of
use:
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Fig. 2. Flow chart for world silver material ﬂuxes (substantially modiﬁed and updated based on Rauch and Pacyna (2009), but complemented with K. A. Rasmussen a/s
unofﬁcial data estimates). Numbers stand for amounts in thousand tonne silver.
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1
2ig. 3. Market ﬂows and stocks at different types of locations as estimated for 2012
ndustry statistics and ﬁeld estimates. Numbers stand for amounts in thousand ton
. Jewellery, cutlery and personal items of use. Main return time is
40–80 years, and long-term accumulation is signiﬁcant. This is by
far the largest source of silver consumption and the largest stock
in society. There are some losses to the environment. Recycling
depends on price to a degree, but also on time since acquisition,
to allow for emotional decoupling to inherited items.
. Technical uses include;
a. Electronics, household appliances, solders, ﬁlm, reﬂectors, etc.
This stock depends on societal life-time of the silver, andilver by the authors. The source is K. A. Rasmussen a/s market ﬂow measurements,
er.
awareness of silver recycling. It has variable return-times,
and variable loss terms. Accumulation is signiﬁcant in waste
dumps and landﬁlls.
b. Glass light ﬁlters and surface coatings. All silver is lost diffu-
sively and nothing is recycled.c. Formaldehyde catalyst. Return time on the material is about
12 months, losses are small (2–3%) and recycling degree is
high. About 2000 tonne of silver is circulated every 9–14
months.
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sig. 4. The production of individual metals is to a degree interdependent. 20% of go
opper, zinc and lead mining. Numbers stand for amounts in tonne metal.
. Investment (stored in pure form, bars, investment coins, medals,
the only driver for return-times is ﬁnancial decisions, losses are
minimal, some accumulation over time). Return to the market is
driven by ﬁnancial logic.
. Silver coinage. This used to be very important before 1925, some-
what important until 1967, when silver stopped being money.
This stock has been mostly recovered, some is still missing and
some of it is probably lost.
20% of gold comes from silver and copper mining. 60% of the
ilver extracted comes from copper, zinc and lead mining. There
re strong correlations between silver production and that of cop-
er and zinc, but less between silver and lead, probably because
he amounts originating from lead mining are insigniﬁcant in the
igger picture. Silver cutlery and silver jewellery are the most com-
only privately owned silver items, even if sales have gone down
ately. With Hubbert’s curves for zinc and lead, and with the COP-
ER model for copper, it is shown in Fig. 1 how we  generate the
urves for Figs. 14 and 15. Extracting lead from silver was  known
rom antiquity, but the extraction of silver from copper and zinc was
nly learned in modern times. The ore grades for copper, zinc and
ead has been steadily declining for the last 100 years, now levelling
ff at very low content (∼1% or 100 g per tonne for copper and zinc).
ig. 5a and b shows the ﬁeld data on development of the copper (a)
nd silver (b) ore grade over time. It shows the same pattern as for
any other metals, indicating that we are slowly exhausting the
lobal silver reserve.
Fig. 5c shows the cost of mine operation per tonne ore as a func-
ion of time. We  assume the physical extraction cost for silver to
e the same as for copper, however, adjusted for the difference in
re grade between copper and silver (about 1:16). The silver con-
ent in mined copper is approximately 0.03%, silver is in the range
round 0.05% in zinc. The changes in silver ore grade with time, are
rawn together using data from different unpublished corporate
nformation from North America, Australia and Scandinavia. Fig. 6a
hows the recorded oil price and very approximately the predictedmes from silver and copper mining. 60% of the silver extracted mainly comes from
oil price (black) from the WORLD model. Fig. 6b shows the rise in
global GDP as recorded and estimated using our models.
2.4. Description of the systems dynamics model: SILVER
We have developed these kinds of sustainability assessment
models since 1988 (Sverdrup and Warfvinge, 1988, 1995; Sverdrup
et al., 2005; Ragnarsdottir et al., 2011; Sverdrup et al., 2011; Kiﬂe
et al., 2013). The SILVER model was  programmed in STELLA, follow-
ing the ﬂow charts in Figs. 2–4, the relationships in Figs. 5 and 6, the
causal loop diagrams shown in Figs. 7–9 and 11–12 and the expres-
sion for recycling is derived from the diagram shown in Fig. 10.
The system dynamics model in STELLA has several main sectors
as shown in Fig. 13. For the mining sector the silver reserves are
divided into known reserves and hidden reserves, and stratiﬁed
into four levels of ore quality (Fig. 13):
1. Rich silver is labelled as extra high quality
(10,000–6000 g/tonne),
2. High grade (1100–800 g/tonne),
3. Low grade (100–80 g/tonne)
4. Ultra low grade (below 10–8 g/tonne)
The SILVER model derives silver from 4 different mining sources
in order of importance (Figs. 4, 12 and 13):
1. Silver mines
2. Copper mines
3. Zinc mines
4. Lead mines
In addition, an important source of silver is recycling from tech-
nical waste. The SILVER model is based on differential equations,
derived from mass balances, and solved with a 4-step Runge–Kutta
algorithm, using a time-step of 0.05 year in the numerical rou-
tine. Note that the numerical time-step is different from the time
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Fig. 5. Different diagrams made to assist the assessment; Ore grade versus time for copper (a) and silver ore (b). The silver content in mined copper is approximately 0.03%,
in  zinc it is 0.05%. Data from different unpublished archives from North America, Australia and Scandinavia. (c) The diagram shows operation cost per tonne ore in a copper
mine.
Fig. 6. (a) Shows recorded (red) and very approximately the predicted oil price (Black) from the WORLD model. (b) The rise in global GDP over time, recorded e. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web  version of the article.)
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s  slow, and a delay of some years must be built into the model.
ntervals used for plotting the different graphs. The following 18
eservoirs are employed in the silver part of the model:. Ag reserves
a. Rich ores
i. Known
ii. Hiddenrade and silver price. These are important drivers for the system. However, scale-up
b. High grade ores
i Known
ii Hiddenc. Low grade ores
i Known
ii Hidden
d. Ultra low grade ores
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Fig. 8. The price mechanism used in the model, based on our observations in the New York and London metal markets in the copper, silver and gold market.
del. Th
2
3
w
1Fig. 9. Price mechanism as implemented in the SILVER mo
i. Known
ii. Hidden
. Ag in society
a. Trade market
b. Reﬁning
c. Stock in use society
i. Jewellery and cutlery
ii. Industrial silver
iii. Coinage as part of currency
iv. Chinese treasury
v. Other state treasuries
vi. The Hunt brothers and other speculators stock
. Ag system leakage
a. Cumulative waste in landﬁlls
b. Cumulative permanent losses
The copper part of the model has the following 11 reservoirs
ith silver in them:
. Cu reserves
a. High grade ores
i. Known
ii. Hidden
b. Low grade ores
i Known
ii Hidden
c. Ultra low grade ores
i. Knownis is a simpliﬁcation of the full process drawn up in Fig. 8.
ii. Hidden
2. Cu in society
a. Trade market
b. Reﬁning
c. Stock in use society
3. Cu system leakage
a. Waste
b. Permanent losses
In total, 29 coupled differential equations, 18 for silver, and 11
for copper are simultaneously solved numerically. Reserves move
from hidden to know because of prospecting, as is also explained
in the causal loop diagram in Fig. 12. Silver from zinc and lead
is delivered from the Hubbert’s model adapted to zinc and lead,
and integrated into the copper mining output. Mining is the action
that extracts silver from “known” reserves and puts it to reﬁning
in the model. Reﬁning is found in the market sector of the model.
In the market sector we consider the stocks in reﬁning, trade mar-
ket, stored in society scrapped, and the actions input and output for
each stock. The market is wherever and whenever silver is traded;
it is deﬁned to pass the stock called market. Silver purchases are
driven by demand; the purchases put silver into society where it
stays until scrapped or removed by wear and losses. A part of the
scrapped silver is recycled and returned to the reﬁnery, consistent
with the ﬂow charts (Figs. 2–4). The silver metal demand in the
model is driven by population and silver use per person in society.
Silver use per person was related to global GDP change over time.
Demand is affected by the market price, which in turn depend on
128 H. Sverdrup et al. / Resources, Conservatio
Fig. 10. The diagram shows the general dependency of recycling rates on metal
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where the correlation coefﬁcient is: r2 = 0.78 (data from Houserices. The data comes from unpublished sources within the metals industry as well
s  from Graedel et al. (2011b).
ow much is available in the market. The population model used
n the SILVER model is a simple meta-model mimicking the out-
uts of the underlying fully integrated population model used in
he WORLD model system (The FoF-model contains the full model;
agnarsdottir et al., 2011; Sverdrup et al., 2011, 2013c).
The models COPPER (Sverdrup and Ragnarsdottir, 2014) and
OLD are earlier models used to supply copper demand and
he oil price as an input to the SILVER model price and cost
odule. These models form parts of the new WORLD model
Sverdrup et al., 2013c) where a considerable additional num-
er of sub-modules are being integrated; The sub-model GOLD
Sverdrup et al., 2013a,) ForSAFE (Forested landscapes, carbon
ycles, nitrogen cycles, water cycles, biodiversity, Sverdrup et al.,
005, 2008, 2013a,b,c), FarmFLOW (Agricultural production units,
Fig. 11. In the SILVER model, use is made of other metal models wen and Recycling 83 (2014) 121– 140
Modin-Edman et al., 2007), IRON (Ferrous metals, development on-
going), GOV (Governance, development on-going, Sverdrup et al.,
2013c), GHP (Gross national happiness and well being, develop-
ment on-going). Fig. 11 details how use is made of the other metal
models we  have developed earlier. This structure underpins the
numbers given in Table 3. The silver contribution from zinc and
copper mining are included in the dynamic model; contributions
from gold and lead were incorporated as input ﬁles. This was done
because the net contribution from gold mining is small and the
contribution from lead mining declining. Tables 7 and 8 shows the
initial amounts in the reservoirs when the SILVER model is started
in 1840. Table 9 summarizes some numbers concerning the SILVER
model parameters, settings of efﬁciencies and coefﬁcients. Fig. 7
shows a causal loop diagram displaying how the mining rate is
affected by technology, ore grade and silver price. These are impor-
tant drivers for the system. However, scale-up is slow, and a delay
of some years must be built in.
Fig. 9 shows the price mechanism used in the model, based on
observations in the New York and London metal markets in the
copper, silver and gold market. The price is set relative to how
much copper is available in the market. The traders come to the
trading ﬂoor with their lots to sell or to buy, and adjust their sil-
ver trading amounts as the price goes up and down. If there are
larger amounts asked for to buy than there are sellers, the price
goes up, in the opposite case the price is moved down. This is a
self-adjusting mechanism that balances the silver trade by adjus-
ting the prices until the asking to buy amounts match the offers to
sell amounts. This is recreated in the SILVER model. Fig. 10 shows
the general dependency of recycling rates on metal prices. The rela-
tionship between the recycling rate [%] and metal price [$/kg] is;
Recycling = 24 + 12 × log (Price) (11)et al., 2011). For recycling, the diagram shows what the market
will eventually do on its own. For some metals, like aluminium,
higher rates can be obtained by implementing special regulations
 have developed earlier, all being a part of the WORLD model.
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Table 1
Overview of mined amounts during certain periods and recoverable reserves look-
ing backwards and forwards in time, expressed in million tonne of silver metal as
estimated from extrapolation of different historical sources.
Time period Tonne silver mined
Total Cumulative
3000–600 BC 56,000 56,000
600 BC–1000 75,000 131,000
1000–1492 106,000 237,000
1492–1930 465,000 702,000ig. 12. Causal loop diagram for the SILVER Model. The causal loop diagram is expl
o create the STELLA model shown in Fig. 13.
avouring recycling, such as deposits on the aluminium cans and
roactive information campaigns to the public. The price in the
arket reﬂects several aspects and limitations. One is that the price
ill not go below the cost of actual production for any extended
eriod of time. This is to a large degree dependent on two factors:
. The oil price since the production process is energy demand-
ing for digging in mountains, moving stone, crushing, smelting,
processing and reﬁning and transporting and fabricating silver
into products.
. The ore content of silver, indicating how much rock must be
moved and processed in addition to the metal. The silver ore
grade has been steadily decreasing historically.
. The silver contribution from copper, zinc and lead mining is
independent of silver demand or silver price, depending on the
dynamics of the bearer metal.
. The amount of additional metals that can be gained at the same
mine. As ore grades go down other metals become more impor-
tant for contributing towards income.
For a long time the oil price was so low that this component was
onsidered almost insigniﬁcant for mining operations, but with the
ombination of dwindling ore contents and increasing oil prices, it
as become important. In the SILVER model, use is made of the other
etal models we have developed earlier (Sverdrup et al., 2013a,b,c;
verdrup and Ragnarsdottir, 2014). Thus, the SILVER model is a sys-
em of models, using parts of the WORLD model, as is shown in
ig. 11. The model is calibrated by adjusting the maximum pro-
uction in a way that allows the production to go through todays
roduction rate. The distribution of silver among the different ore1930–2004 650,000 1,352,000
2004–2013 157,000 1,509,000
Sum total to present 1,509,000 –
grades is adjusted so that the curve goes approximately through
todays observed ore grade. Table 9 shows an overview of the param-
eters set for the SILVER model. The model is available from the
authors upon request.
3. Results
3.1. Reserves of silver in the ground
We have assembled a set of tables (Tables 1–7), to get an
overview of how much and where the silver is located in nature and
society. Not all numbers are in full agreement; this is an effect of
using different sources, uncertainties of estimates in the literature
and estimates from different points in time.
Table 1 shows an overview of mined amounts during certain
periods and recoverable reserves looking backwards and forwards
in time, expressed in thousand tonne of silver metal. Table 2, shows
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Fig. 13. Overview of the SILVER model as programmed in the STELLA modelling environment. The model incorporates the COPPER model for simulating silver input from
copper  mining. The mining sector, the market and society sector and the population dynamics sector are included.
H. Sverdrup et al. / Resources, Conservatio
Table  2
Stocks in society as estimated for past times, amounts in tonne. From Jordan (2011)
and Patterson (1972).
Date Stock in society, tonne Global population Gram silver per person
300 BC 10,000 150,000,000 66
200 40,000 300,000,000 133
800 20,000 300,000,000 67
1490 40,000 300,000,000 134
1550 100,000 400,000,000 250
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A1720 124,000 600,000,000 206
1840 275,000 1,400,000,000 196
2012 1,271,000 7,200,000,000 162
he estimated stock in society and compares this to the global popu-
ation. The table shows how the amount of silver per capita reached
 maximum after the discovery of the Americas.
Table 3 estimates the stock in society and the global popu-
ation over time. Table 3 shows the amount of silver extracted
ntil the present. For the period 3000 BC-present, several authors
ave estimated the extracted amount; Zurbuchen (2006) estimated
he total mined silver volume (2006) to 1,325,425 tonne, Elway
2011) estimated it to be 1,348,000 tonne, USGS (2006) suggests
,514,970 tonne, The Encyclopaedia Britannica estimate to 1970
lus with the production from 1970 to 2006 gives 1,391,725 tonne
Table 3). The estimates appear to be all very consistent.
Table 4 shows the zinc, copper and lead rock reserve estimates
nd the approximate silver amount in them. About 39% of the orig-
nal silver reserves in 1840 were in silver mines, 61% of the silver
eserves in 1840 are secondary and associated with copper, zinc
nd lead reserves. The URR for silver are accurate to about 15%, thus
he estimate of 805,000 tonne silver in copper is within the ranges
uggested, and consistent with other estimates we have listed.
Table 5 shows estimates of where the silver in society is located
nd how much it is. It shows the silver stocks in society and in the
ational Banks. Historically, countries had silver reserves to sup-
ly their coins and to back up their banknotes as a complement to
old reserves. However, after 1965, most such stockpiles were dis-
antled and scattered. The numbers are approximate and several
fﬁcial state inventories are unknown or undisclosed. The amount
iven as “missing” in Table 5 is missing from the available records,
ut it is not necessarily missing in physical terms.
able 3
verview of estimates for mined amount of silver mined to year 2012 in tonne pure sil
ources and partly guesswork. Some of the estimates are not totally independent.
Source Amount
Zurbuchen (2006) 1,325,4
Butler  (2006) 1,348,0
USGS (2012) 1,514,9
Encyclopaedia Britannica (1970) as reported by Zurbuchen (2006) 1,391,7
Historical assessment (This study) 1,352,0
Average mined amount 
Hubbert’s model estimate (This study) 1,509,0
SILVER model estimate (This study) 1,800,0
Average mined amount 
able 4
verview of sources of silver in mining. The average reserve content were adapted from 
.  Rasmussen A/S, Hamar, Norway. Burn-off and burn-out dates by the authors.
Reserve type Ultimately recoverable
reserves (URR). Tonne
parent metal
Content in the
native metal
Silver 1,078,100 100% 
Copper 2,700,000,000 0.032% 
Zinc  1,560,000,000 0.040% 
Lead  1,240,000,000 0.008% 
Gold  310,000 6% 
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Table 6 shows zinc ground reserves and the silver amount stored
in them, Table 7 the copper ground reserves and the silver con-
tained in them; copper, zinc and lead are important sources of
silver, and thus, the copper, zinc and lead ore grade matters for
silver production. Contributions from these are considered in the
SILVER model.
Table 7 shows total silver ground reserves in 1840 distributed
among silver, copper and zinc mines used in the SILVER simulation.
These rates have been reduced proportionally to decreases in ore
grade and increase in the future oil price. Table 8 shows the total
silver rock reserves estimated for 6000 BC, for the years 1840 and
for 2010. Estimates of copper in different market inventories are
represented in tonne. The availability of data is limited and some
of the numbers are estimates using unpublished corporate data.
The remaining extractable resources represent 31% of the URR. The
abbreviation used is: URR = Ultimately Recoverable Reserves. The
remaining extractable resources represent 31% of the URR. URR
was set in the range 2,847,000–3,140,000 tonne. Table 12 shows
the reserve estimates that came out of ﬁtting the Hubbert’s peak
production model to historical data.
3.2. Burn-off estimates
Eq. (1) was  used for the burn-off estimates. The normal proce-
dure is to take the presently know reserves and divide with the
present extractions rate. The burn-off calculation yields a diagnos-
tic parameter that does signal a problem without specifying exactly
what this problem may  be but indicating some kind of problem
with future supply, such as scarcity, shortage or galloping prices
or all of those. In Tables 10 and 11, we have done a back-of-the-
envelope calculations of burn-off times and added that estimate to
our starting date 1840 to get a “burn-off” year, a diagnostic indi-
cator for approximately when we can expect severe silver scarcity
and supply problems. The estimate indicates that around 2075 we
will have problems. In Table 10 we have shown the burn-off esti-
mate for silver under different scenarios. Currently, the recycling
rate for silver is around 80% (Ragnarsdottir et al., 2011), the 20%
are either lost or present in the stock in society where it can be
delayed for up to 60 years before coming back into recycling. We
need to get up to recycling rates of 95% of all silver supplied to
ver based on different sources of information such as ball-parking from historical
 mined totally, tonne Year Adjusted up to 2012, tonne
25 2005 1,465,000
00 2005 1,488,000
70 2011 1,537,000
25 2006 1,502,000
00 2004 1,502,000
– – 1,499,000
00 2010 1,558,000
00 2012 1,800,000
– – 1,679,500
unofﬁcial information from Boliden AB, Rönnskärsverket, Sollefteå, Sweden and K.
Silver content URR,
tonne
Range, tonne Fraction of
total URR, %
1,078,000 916,000–1,240,000 39
805,000 684,000–925,000 30
625,000 531,000–725,000 22
40,500 34,000–46,000 8
19,000 17,000–22,000 1
2,501,000 2,132,000–2,952,000 100
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Table 5
Silver stocks in society and in Central Banks world-wide. “Gone missing” from our view imply that we  do not know where it is, either hidden or lost. It makes up about 20%
of  mined to present. Some is probably lost diffusively.
Country State ownership, tonne silver Private ownership, tonne silver Private to state ratio kg Ag per person Sum of all
Great Britain 0 60,000 1.000 60,000
Germany 1100 55,000 50 0.500 56,100
France ? 40,000 0.500 >40,000
Italy  ? 30,000 0.500 >30,000
Spain  ? 25,000 0.500 >25,000
Netherlands ? 20,000 1.000 >20,000
Russia 2220 17,000 16 0.100 19,220
Sweden ? 16,000 1.200 >16,000
Poland ? 16,000 0.330 >16,000
Switzerland ? 10,700 1.000 >10,700
Denmark 0 9300 1.200 >9300
Austria ? 8000 1.000 >8000
Belgium ? 9000 0.500 >9000
Finland 0 8000 1.000 >8000
Norway 0 7000 1.000 >7000
Ukraine ? 6000 0.100 >6000
Estonia, Latvia, Lithuania 0 2640 0.250 >2640
Greece, Bulgaria, Rumania, Balkan ? 12,000 0.200 >12,000
Czech  Republic, Slovakia, Hungary ? 12,000 0.300 >12,000
Iceland 0 200 0.500 200
Turkey ? 11,000 0.150 >11,000
Sum  Europe >5000 274,840 0.430 279,840
Middle  East ? 100,000 0.500 100,000
China  17,800 60,000 3.4 0.050 137,800
India  888 120,000 133 0.100 120,888
Taiwan 1200 4000 0.30 6200
South Korea 5000 4000 3.3 9000
Singapore 3000 1000 0.33 4000
Hong  Kong 3000 1000 0.33 4000
Rest  of Asia 5000 60,000 65,000
Sum  Asia 35,888 350,000 385,888
South  America 11,000 45,000 4.1 0.150 156,000
Mexico 2000 22,000 11 0.200 24,000
USA  4400 60,000 14 0.200 64,400
Canada 4400 8000 1.8 0.200 12,400
Sum  America 19,800 135,000 156,800
Sum  Africa 2000 25,000 0.050 27,000
Sum  to here from above 62,688 784,840 847,528
COMEX  8840 – 8840
Investment funds – 18,500 18,500
Eurozone buffer fund 33,000 – 33,000
Undisclosed deposits 10,662 – 10,662
Reﬁneries 1000 6000 7000
Industrial products – 24,000 24,000
Undisclosed stocks 25,000 15,000 40,000
Sum  investment 78,502 64,500 140,002
Industrial stocks 24,810 100,660 125,470
Waste landﬁlls 90,000 40,000 130,000
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SSum  above ground 256,000 917,000
Gone  missing somewhere ? ?
Total  mined to 2012 – –
ecome sustainable with silver supply. That means that net losses
f newly mined silver should not exceed 5%. This efﬁciency can
e obtained by limiting diffusive losses, and by better recycling
f electronics waste. Part of the silver goes into hiding in soci-
ty for 40–60 years and with higher silver pricing, this delay will
able 6
ILVER model inputs. Copper ground reserves and the silver amount in them.
Grade Known reserves Hidden
Estimate for year 1880, tonne of copper 
High  grade 50,000,000 690,0
Low  grade 60,000,000 940,0
Ultralow grade 10,000,000 880,0
Sum  URR 110,000,000 1,990,0
Estimated for year 2010, tonne of copper 
High  grade 100,000,000 120,0
Low  grade 200,000,000 300,0
Ultralow grade 390,000,000 490,0
Sum  RR 690,000,000 910,01243,000
256,000–436,000
1,499,000–1,679,000
potentially become shorter. Table 11 gives us a warning that there
may  be a silver scarcity problem in the next decades. At the present
rate of recycling where the society consumes 40,000–45,000 tonne,
and 23,000 tonne comes from mines, then recycling is 45–50% of
supply.
 reserves Sum Silver
Tonne
00,000 740,000,000 221,000
00,000 1,000,000,000 360,000
00,000 890,000,000 224,000
00,000 2,600,000,000 805,000
Tonne
00,000 220,000,000 75,000
00,000 500,000,000 118,000
00,000 880,000,000 227,000
00,000 1,600,000,000 420,000
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Table  7
Total silver ground reserves. The availability of data is limited and the numbers are estimates using unpublished corporate data. The 1840 data was used in the SILVER model
simulations. In addition to starting with silver reserves in the ground, 1840 starts with a stock in society, in waste landﬁlls and in silver coin.
Grade Known reserves Hidden reserves Sum Production, Burn-off
1. Estimate for year 6,000 BC, extractable tonne of silver Tonne/year Years
Rich  grade 60,000 40,000 100,000
High  grade 200,000 1,000,000 1,200,000
Low  grade 100,000 700,000 800,000
Ultralow grade 0 500,000 500,000
Sum  URR 360,000 2,240,000 2,600,000 75 30,000
2.  Estimated for year 1840, extractable tonne of silver Tonne/year Years
Rich  grade 5,000 25,000 29,000
High  grade 80,000 235,000 325,000
Low  grade 280,000 720,000 1,000,000
Ultralow grade 145,000 300,000 441,000
Sum  recoverable reserves 510,000 1,195,000 1,800,000 6525 283
1840  stock in society 267,000
1840 stock in waste 70,000
1840  stock of trade coin 150,000
1840 national bank stock 30,000
World stock 1840 2,317,000
3.  Estimated for year 2010, extractable tonne of silver Tonne/year Years
Sum  RR 675,000 35,000 710,000 23,000 31
Table 8
Ultimately recoverable reserves used in the SILVER modelling.
Silver source URR Reserve in 2010 in fraction of the total
Tonne % Modelled, tonne Modelled, % of URR Observed
Silver mine reserves 1,078,000 59 430,000 17 108,000
Copper mine reserves 805,000 27 401,000 59 420,000
Zinc  mine reserves 525,000 10 320,000 18 129,000
Lead  mine reserves 93,000 4 30,000 6 46,000
Gold  mine reserves 19,000 0.8 5000 0.8 6000
Sum  all 2,501,000 100 1,186,000 100 709,000
Table 9
The SILVER model parameters. Overview of settings of efﬁciencies and coefﬁcients.
Flux (F) or stock (S) Permanent losses, % Loss to scrap, % Loss to ultra low grade, % Process step total efﬁciency, %
F Mining of high grade 3 – 10 87
F  Mining of low grade 7 – 30 63
F  Mining of ultra low grade 20 – 30 50
F  Reﬁning 2 0 0 98
F  Trade 0 0.4 0 99.6
F  Industry 1 10 0 89
S  Society 1 0.1 0 98.9
S  Scrap 1 3 3 –
Table 10
Burn-off and burn-out dates by as estimated the authors.
Reserve type Silver content URR, tonne Mining rate 2010, t/yr Mining, % of reserve per year Burn-off years from 1840 Burn-out date
Silver 1,078,000 10,000 1.02 215 2055
Copper 805,000 5600 0.75 301 2141
Zinc  625,000 5000 0.86 231 2071
Lead  40,500 730 0.68 292 2132
Gold  19,000 160 0.86 238 2078
Sum  2,501,000 23,800 0.85 234 2074
Table 11
Estimated burn-off time for silver, considering the different recycling rates, materials use intensity and populations scenarios, in years from 2010. These are; BAU = Business-
as-usual, recycling as today, 7 billion people, 70% = Improve recycling to 70%, 90% = Improve recycling to 90%, 95% = Improve recycling to 95%, 3 billion = Improve recycling to
95%  and 3 billion people, 1½ billion = Improve recycling to 95%, but only 1½ billion people on Earth.
Remaining reserve (RR) Recycling rates Global future population
BAU 70% 90% 95% 3 billion 1½ billion
1 2 3 4 5 6
Years Date Years Date Years Years Years Years
Low; 650,000 tonne 28 2041 54 2067 163 325 756 1512
Average; 709,000 tonne 30 2043 59 2072 177 355 850 1700
High;  1,200,000 tonne 52 2065 100 2113 300 600 1395 2791
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Table 12
Summary of the Hubbert’s curve assessment and the ultimately recoverable reserves (URR) used for the Hubbert’s modelling assessment of silver (Figs. 14 and 15). During
the  whole period, silver also came from lead, gold, and later also from copper and zinc mining. The last two  lines, “Future mining” and “The last silver” are totally conjectural,
perhaps  what we will ﬁnd in Eastern Siberia and Greenland once the ice and tundra has largely disappeared. Without them, the total global URR = 2,847,000 tonne silver.
Peak year Name of age Pmax tonne/year b URR, tonne Cumulative tonne
2000 BC Stone age 5 0.003 6800 6800
1000  BC Bronze age 10 0.005 9200 16,000
300  BC Antiquity 40 0.005 32,000 48,000
100  Roman times 185 0.010 74,000 122,000
1000 Early mediaeval times 250 0.010 100,000 222,000
1500  Late mediaeval times 1000 0.010 400,000 622,000
1920 Industrial age silver rush 6000 0.110 240,000 862,000
2015 Global era 12,000 0.050 960,000 1,822,000
2038  Global era, from Cu mining 7812 0.050 625,000 2,447,000
2035  Global era, Zn, Pb, Cd, Au mining 5000 0.050 400,000 2,847,000
2069  Future mines 2000 0.050 160,000 3,007,000
2350  The last silver 500 0.015 133,000 3,140,000
Sum  The global URR 2,847,000–3,140,000
Table 13
Summary of peak production year for silver for four different assessment methods. All the methods yield very consistent answers. Peak copper will occur around 2034. The
estimates rest to a certain degree on independent input data.
Method Year of peak production or end year for burn-off time
Low Mean High
Hubbert’s curve 2032 2038 2045
Discovery peak + 40 years 2035 2037 2040
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.3. The peak discovery delay shift
Eq. (2) was used to estimate the timing of peak silver, working
n the observation that silver discoveries peaked in 1985–1987;
his is equivalent to the inﬂection point of the cumulative discov-
ry curve (Jordan, 2011). It does not matter that discoveries have
ntil 2008 outmatched extraction, the discovery curve has inﬂected
nd then we know very robustly how much extractable is silver
s left to ﬁnd and extract (Tables 1, 3, 4, 6, 7 and 11). We  esti-
ate that the silver production maximum rate will occur in the
eriod 2025–2027. A survey of peak discovery and relating that to
eak production, suggest that there is for many natural resources
ncluding oil, coal, copper, gold and silver, a 40 year lag between
he discovery peak and the production peak (Sverdrup et al., 2011,
013c; Ragnarsdottir et al., 2011).
.4. The Hubbert’s curves
The Hubbert’s model peak production curves for silver are
hown in Figs. 14 and 15. They show the Hubbert’s model applied
o create the simplest possible production curves for silver and
sing copper and zinc assessments, investigating different URR for
ilver, zinc and copper. In this assessment, only one silver curve
as used. Copper and zinc diagrams were taken from Sverdrup
t al. (2013b,c). Eqs. (3)–(6) were used for the estimated curves,
he parameterization is shown in Table 13. The reserves were set at
,800,000 tonne silver for the period 1850–2013 (Table 12), the URR
as set in the range 2,847,000–3,140,000 tonne. This analysis yields
eak production around 2030 for silver. It is certain that after 2050,
rimary silver production will decline, and the price rise is caused
y inability to satisfy global demand. The present annual demand at
.004 kg silver/person will after 2100 have to be supplied to a large
egree by recycling, more than by primary production from mines.
he production curves are validated by the production estimates,
orrelating well with the calculations, thus verifying that the URR’s
re of the right size ± 10%. This puts a narrow range on the timing of
he year for the peak production for silver. Figs. 14 and 15 show the2027 2034
individual and total sum of Hubbert’s curves for silver production
from 3000 BC to 3000 AD (Zurbuchen, 2006).
There are a number of silver extraction estimates available (Zur-
buchen, 2006, Sverdrup and Schlyter, 2013d), and these we have
used to verify that the model is giving the right quantity for the
production. This can be compared to Table 1 where we have recon-
structed the mining history of silver over the last 5000 years based
on historical data. The parameters of the Hubbert’s model used for
Figs. 14 and 15 are listed in Table 11. In Fig. 15 we ask the reader to
keep in mind that the scale on the y-axis is logarithmic, implying the
scale of increase of silver production over the last 5000 years. With
time, silver production has reached high volumes with the help of
oil and modern technology as well as good prospecting technolo-
gies. The reserves left are not large and they are being depleted fast.
Though it may  appear that there is more and more silver available
for mining, this impression may  persist up to a moment very close
to when the reserves suddenly are discovered to be near empty.
After 2200, the reserves are predicted to become exhausted and
the production decline will be fast. Normal methods of economet-
rics are completely blind to this non-linear hysteresis phenomenon,
and market forces are helpless to see it in time, or give any useful
warnings ahead of time based on knowledge.
3.5. Results from the use of the dynamic modelling
The SILVER model was  thoroughly explored and tested to check
whether it can be made to make reasonable predictions. The model
was used to make a set of runs for 500 years, from 1840 to 2340,
and the plots (Figs. 16–21) are excerpts from these outputs. Checks
on performance were undertaken against production from mines,
annual ﬂuxes to the market and silver price levels. Silver ore grade
is also a diagnostic tool for the relevance of the simulations.Fig. 16a and b shows outputs from SILVER model simulations for
silver production from mines and speciﬁes how much comes from
high grade, low grade, ultra low grade as well as the individual
contributions from silver, zinc, lead and copper mining.
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Fig. 14. The Hubbert’s model simplest possible production curves for copper (a), zinc (b) and lead (c), We investigated different URR for copper. Diagram (d) gives silver
p (c) were also used as meta-models inside the SILVER model.
a
r
p
p
t
s
p
s
s
s
l
g
i
t
i
1
a
t
p
g
i
3
a
l
1roduction. Copper, lead and zinc diagrams from Sverdrup et al. (2013b,c). (b) and 
Fig. 17a shows the development of the known reserves, that
ll peaked after 1960, and high grade silver and low grade that
un empty after 2080. Fig. 17b shows the fraction of the silver
roduction coming from different source ores such as silver, cop-
er, zinc and lead ore. Fig. 18a and b shows the development over
ime for known (Fig. 18a) and unknown (Fig. 18b) silver reserves
orted according to ore grade. Fig. 19a shows the fraction of sup-
ly to the market being recycled silver. Fig. 19b shows the total
upply and the amount supplied to market by recycling. It can be
een that after 2080, most silver comes from recycling. Fig. 20a
hows the cumulative amount mined and the cumulative amount
ost irreversibly. Fig. 20b shows known and unknown stocks in the
round (Ag known, Ag unknown), how much is left, stock in use
n society and waste compared, amounts in tonne silver. Cumula-
ive mining to 2012 is in the model 1,800,000 tonne, from Table 1,
t is estimated at 1,455,000 tonne and in Table 2, it is estimated at
,465,000 tonne. The stock in society reaches a maximum in 2075,
nd declines slowly after that.
Fig. 21a shows a simulation of the decline of the ore grade during
he simulation time. Fig. 21b shows a simulation of the silver market
rice for 1900–2100 in US $ per Troy ounce. One Troy ounce is 31.1
ram. The speculative trade and investment speculation has been
ncluded. The ﬁt to observations is good.
.6. Testing the models
All models that are to be used for predictions must be tested
gainst ﬁeld observations. We  have tested the model on the fol-
owing aspects:. Silver production rates:
a. Test the Hubbert’s simulated mining production on observed
production in modern times (Figs. 14, 22 and 23a) show greatFig. 15. Individual and total sum of Hubbert’s curves for silver production from
3000 BC to beyond 2200 AD. The parameters of the Hubbert’s model used model
used is listed in Table 11. The dots are observed production data.
consistency. Historical mining rates were not used for veriﬁ-
cation, as they are very uncertain (Fig. 15).
b. The SILVER model simulated mining production on observed
production in modern times (Figs. 22 and 23b), which is does
well.
c. To test the Hubbert’s model versus the SILVER model for
mutual consistency (Fig. 23c), which gives excellent correla-
tion.
2. Silver ore grade simulated by the SILVER model, versus the
observed grades 1840–2012; this tests the link between recov-
erable reserves estimates and the overall mass balance resulting
from mining a ﬁnite source (Fig. 21a).
3. Silver market price 1900–2013. This tests the market sub-
module in the SILVER model (Fig. 21b).
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Fig. 16. (a) Simulated silver production through the years 1840–2140 using the
SILVER model outputs, amounts in tonne silver. Development of silver production
from different reserves according to silver ore grade 1840–2140. 1: silver from cop-
per mining, 2: silver from silver mining, 3: silver from zinc mining, 4: silver from
lead mining, 5: total amount supplied from mining. (b) Simulated silver production
through the years 1840–2140 using the SILVER model outputs, amounts in tonne
silver. Silver production from different kinds of mines; silver, copper, zinc and lead
mines. 1: is the total silver supplied by all types of mining, 2: is from rich grade silver
ores, 2: from high grade silver ores, 3: from low grade silver ores, 5: from ultra low
grade ores.
Fig. 17. (a) Simulated known stocks with time. The lines represents the stocks in
different types of ores; silver, copper, zinc and lead ore. The different lines are silver
reserves in: 1: zinc ore, 2: lead ore, 3: copper ore, 4: silver ore. Amounts in tonne
silver. (b) Fraction of mine production from different types of mines (Ag, Cu, Zn,
Pb) according to ore grades in silver mines. 1: fraction from silver mining, 2: from
copper mining, 3: from lead mining, 4: from zinc mining.
Fig. 18. (a) Development of known silver reserves over time according to ore grades
in  silver mines. The lines are: 1: silver in reserves of rich ore grade, 2: in high grade
ores,  3: in low grade ores, in ultra low grade ores. Amounts in tonne silver. (b)
Development of hidden stocks in silver mines. The lines are: 1: silver in reserves of
rich ore grade, 2: in high grade ores, 3: in low grade ores, in ultra low grade ores.
Amounts in tonne silver.
Fig. 19. (a) Shows the degree of recycling over time. 1: Fraction of market supply
originating from mine production. 2: The fraction of market supply returned to the
market. (19) Mining output, supply to society and supply from recycling can be
compared. 1: market input, 2: silver recovered from stock in society, 3: permanent
reﬁnery and recovery process losses, 4; supply by mining to the market, 5: Supply
from recycling. In 2040, recycling will be larger than mining. Amounts in tonne
silver.
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Fig. 20. (a) Simulated cumulative silver mining. 1: Cumulative amount silver mined
with time, 2: cumulative silver losses in the system. Amounts in tonne silver. The
stars represent observed amounts according to other estimates. The model suggests
that  the cumulative amount mined until 2010 was  1,700,000 tonne, slightly larger
than the literature estimates. (b) The diagram shows 1: known silver reserves in the
ground, 2: stock in use in society, 3: unknown silver in the ground, 4: total reserves
left  in the ground, known plus unknown, 5: amount silver left in waste landﬁlls. The
star  is an observation. Amounts in tonne silver.
Fig. 21. (a) Prediction of the ore grade and test of the model against observed ore
grade 1880–2140. 1: Model simulated silver ore grade, 2: observed ore grade. The ﬁt
with data is good. (b) Model simulation of the past and future silver price. 1: Model
simulated silver price, 2: observed silver price, 3: the value index for the American
Dollar relative to the Norwegian krone. The price is reasonably well reconstructed
for the past, the speculative trade and investment speculation has been included.
Fig. 22. Diagram a shows the comparison between silver mined according to Hub-
bert’s empirical model, the dynamic simulation model SILVER and the simulated
supply to society and observed data. Amounts in tonne silver. The two models give
consistent outputs.
4. The cumulative amount silver mined from 1840 to 2010 at
1,760,000 tonne when the alternative literature estimates say
on the average 1,460,000 tonne (Fig. 20a). Both estimates gave
signiﬁcant uncertainty and estimation of pre-1492 amounts
may  have been signiﬁcantly under estimated in earlier studies
(Fig. 15).
5. Stock in use in society is estimated at 1,081,000 tonne, gives good
agreement with the SILVER model that suggests that we can ﬁnd
about 1,078,000 tonne in society (Table 4, see Fig. 20b).
6. The year of maximum reserve endowment from discoveries to
be in 1990, when observed was 1986. This suggests our distri-
bution of reserves between the different grades and the rate of
prospecting has been well parameterized (see Fig. 20a).
Note, that the tests are simultaneous, and are all done simul-
taneously on the same model run with the same set of model
calibration to the system. This conﬁnes the model very well and
minor deviations in the model settings will make the outputs off
track.
Fig. 21a shows the modelled and the observed ore grade. The
observed ore grade is well reconstructed and the agreement is fair.
The correlation coefﬁcient to the 1:1 line is r2 = 0.62. Fig. 21b shows
the test of the model performance on the silver price. The gen-
eral trend is reproduced by the model, and some of the short-term
variations. In the model, major parts of the derivatives trade are
included, even if the detail is missing, due to lack of data. The price
is reasonably well reconstructed for the past, correlation is r2 = 0.6.
The observed price pattern shows strongly the signs of the freeing
up of the silver market, exaggerated by the Hunt Brothers spec-
ulative raid on silver, excessive sales of governmental stocks and
price rallies when the big Anglo-American investment banks went
wild with derivatives (1978–1982). Before 1925, the silver price
was controlled by governments, central banks and trading cartels
and used for coinage in currencies linked with gold, silver and later
the dollar. From 1925 to 1965, there was not a real free market for
physical bullion silver and the price was kept unsustainably low.
One interpretation is that the silver price is heavily manipulated
through faulty price mechanisms based on silver that does not exist
outside “paper silver” and poor or lacking control and oversight by
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he regulating authorities. The trade in silver derivatives has been
ery active during the period 1990–2013, at times strongly dis-
orting the price with repeatedly publicly disclosed irregularities
ccurring at a steady rate.
Fig. 22 shows a comparison of the Hubbert’s model, the SILVER
odel and the data all plotted together. Fig. 23a shows a compari-
on between silver amount mined according to Hubbert’s empirical
odel, r2 = 0.94. Fig. 23b shows the supply from mines according to
he dynamic simulation with the SILVER model and the simulated
upply to society, r2 = 0.89. We  have included the observed mining
ates, to show that the rates fall on the predicted lines and giving an
nsight into the approximate accuracy of the predictions. Fig. 23c
hows the Hubbert’s and the SILVER models simulations of the sil-
er production plotted versus the observed production. The ﬁt is
ood, and shows that the Hubbert’s model and the SILVER model
re without doubt valid for silver production. When we test the
odels against each other (Fig. 23c), we get r2 = 0.92.
. Discussion
On the reliability of the model and uncertainties. We  present
or the ﬁrst time a system dynamics model prediction of silver sup-
ly and silver market availability predictions that have a basis in
eld-tested modelling, observed mechanisms and scientiﬁc mea-
urement. In the tests of the Hubbert’s model and the SILVER
odel against observed data, both models performed excellently
nd they give consistent outputs. Correspondence of the SILVER
odel outputs against observed mining rates, ore grades, silver
rice, cumulative mined amounts and stock in society are all very
ood. The reliability of predictions rest on the ability to recon-
truct the past history using good input data, and how well we
re able to set the main drivers of the silver demand in the model
or the future. We  have based the future silver demand on pre-
icted GDP and global population numbers, parameters that have
roved to be main drivers in the past. The price mechanism in
he model is a dynamic system and is sensitive to the model
eing able to give it accurate input. This depends on the quality
f the input data which are to some degree is unknown for the
uture.
Where has all the missing silver gone? In Table 5, there is
55,000–455,000 tonne “gone missing”; it represents 12–27% of the
xcavated amount over the last 6000 years. In comparison, for gold
his number is about 4–6% over the last 9000 years. We  need to ask
f it is really lost, or just undetected as a part in “stock-in-use” or
ather “stock-in-hiding”. Firstly, most silver used for silver plating
as generally been irretrievably lost diffusively to the environment
r diffusively into other metals like copper, zinc or brass when sil-
er plated objects have been melted. Much silver has also gone into
lectronics and electrical appliances, and much of this has found it’s
ay to landﬁlls. Silver went into ﬁlm for a 140-year period; much
f this has been lost diffusively to ash after incineration or to waste
n old landﬁlls. Some amounts of jewellery and cutlery have been
ost at unknown places. We  simply do not know where it is and
t may  not necessarily be counted as permanently lost. A signiﬁ-
ant amount of silver has been temporarily lost from high-grade
res to become ultra-low ores because of insufﬁcient silver extrac-
ion methods for separation from rock and ore in the past. Finally,
e may  be underestimating stock-in-use in society, and there is
ittle possibility to verify our estimates with any accuracy. The gov-
rnmental strategic silver reserves in many countries are probably
nderstated, kept secret or falsiﬁed for strategic reasons. Which is
orrect awe can only speculate. The silver stock in private hands
n India and South American countries can only be estimated with
uge uncertainties, and we may  easily be one hundred thousand of
onne off in our estimate in Table 4. And that would more thann and Recycling 83 (2014) 121– 140
sufﬁciently account for all lost silver. We  summarize where we
think the missing silver has gone as follows:
Lost; Silver plating; this is probably
lost forever, not recyclable, lost
diffusively to the surroundings
but also into base metals on
recycling of them.
20,000–40,000 tonne
Lost; Lost silver items through past
history, some of this is
probably lost to corrosion, and
most of this amount is not
really recoverable.
5000 tonne
Partly lost; Silver used for electronics;
mostly lost to waste landﬁlls at
present, maximum 40% of
what was used has been
recycled at present, possibly
some more can be recovered.
Partly lost implies perhaps 50%
is gone for real.
100,000–150,000 tonne
Partly lost; Silver in ﬁlm; in old archives,
in homes, in landﬁlls, a
signiﬁcant part of this may  be
irretrievably lost, some old
stocks may be waiting in
archives to be recycled. Partly
lost implies perhaps 50% is
gone for real.
10,000–30,000 tonne
Missing; Governmental strategic stocks,
undeclared part, fully
recyclable.
100,000–200,000 tonne
Missing; Public hidden holdings in the
shape of investment bars,
cutlery and jewellery, all not
veriﬁable, but fully recyclable.
15,000–30,000 tonne
Sum  of all “gone missing” 250,000–455,000 tonne
Summing up, we  guess that 80,000–130,000 tonne of
the “gone missing” is probably lost forever. For the rest
(130,000–325,000 tonne), we have a chance of ﬁnding in it
the future. Of all the silver humans have dug up over the millennia,
we still retain about 80–85%; we have lost about 15–20% in 5000
years. The low loss of precious metals shows that high commercial
value of metals promotes safekeeping and recycling.
On the possibility of substitution of silver with other metals.
On the prediction that we experience one day a silver scarcity, then
what possibilities are there for substitution? Gold may take the
role silver does in some electronics applications, but gold is expen-
sive and becomes scarce at the same time or earlier than silver
(Ragnarsdottir et al., 2011; Sverdrup et al., 2013c; Sverdrup and
Ragnarsdottir, 2014). The global gold production is 2500 tonne/year
and the global silver production from mines is an order of mag-
nitude higher or 23,000 tonne/year. Therefore gold can in no way
substitute for bulk silver use. Copper may  be used in some appli-
cations, but that also goes scarce when silver does (Ragnarsdottir
et al., 2011; Sverdrup et al., 2013c; Sverdrup and Ragnarsdottir,
2014), but there will be 10 times more copper than silver, so it may
work for a while. Nickel may  take over some of the roles of sil-
ver in some alloys, but nickel will go scarce about the time when
copper and silver go scarce (Sverdrup et al., 2013a,b,c). For some
catalytic purposes, there may  not be any attractive substitutes. In
cutlery, silver is being substituted by steel already, and the silver
cutlery business has decreased 10-fold in the last 50 years. In sil-
ver jewellery, massive silver is being substituted by silver-plated
base metals. For coinage, silver was substituted by different types
of zinc–copper–nickel alloys during the period 1925–1970. For
many applications, silver is an important substitute for gold. Thus,
substitution of silver with other metals may  not be as easy in
the future as it would seem today. The metals that may  serve as
substitutes for silver will have similar production peaks and a sim-
ilar decline in production, making substitution a challenge. This
H. Sverdrup et al. / Resources, Conservation and Recycling 83 (2014) 121– 140 139
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roduction. Amounts in tonne silver. r2 = 0.94. Diagram (b) shows the simulated silv
esting  if they are consistent. With a systematic bias that can be adjusted away, the
ndicates that we will have to take the challenge of doing more
ith less.
On derivatives trade and physical trade. High quantity of sil-
er is traded in the metal markets, a small amount of the silver
s actually moved, and most trade involves shifting ownership,
ut not physical possession. According to the London Bullion
etal Association’s (LBMA) clearing-house in London, an amount
f 1,240,000 tonne silver is cleared every year through the metal
xchanges. The amount that physically moves is signiﬁcantly lower,
n the range of 30,000–40,000 tonne/year. The cleared silver has a
atio of 46:1 with the output from mines, and a ratio of 30:1 to
hat is physically moved. This reﬂects the investment and specu-
ative trade that only shift the ownership of silver. This also reﬂects
edges, forwards and shorts, where no metal is identiﬁed physi-
ally. How much silver is outstanding on derivative contracts is not
fﬁcial at the moment.
On sustainability of the supply. The silver mining production
ill go through a maximum production, a peak silver event, in
025–2030, by 2170 the silver mines have gone empty, and after
hat silver will only come from copper and zinc mining. By the
ear 2300, the silver, copper and zinc mines will be empty and
nable to supply any signiﬁcant amounts of silver. After that, only
ecycling of what we have in society will be available. However, if
e have assumed the right feedback model between silver price
nd recycling efﬁciency, then there is no immediate danger of
hortage of silver. As silver gets a little scarcer, the demand will
ush up the price and more supply will come from recycling and
ecycling efﬁciency will rise. In the long run (hundreds of years),
owever, there will be slim chances of escaping scarcity and rising
rices.
. Conclusions
A system dynamics model SILVER for silver mining, market sup-
ly and price has been built and tested. We  can conclude:
. The Hubbert’s model can reconstruct supply rates from mining
. The SILVER model can reconstruct the following parameters that
match ﬁeld observations:
◦ The supply rates from mining
◦ The decrease in ore grade
◦ The decrease of ground reserves
◦ The peak year of reserves endowment
◦ The general trend in silver price 1880–2012
◦ The cumulative amount mined to datehe Hubbert’s model simulation of the silver production plotted versus the observed
duction by the SILVER model r2 = 0.89. (c) Shows the two  models against each other,
ery consistent, r2 = 0.92.
◦ The stock in use in society
3. The tools give consistent results; Burn-off estimate, Discovery
Peak Shift, Hubbert’s model mine production, SILVER model sim-
ulations of production, supply to markets and silver price.
Concerning the silver supply, we  conclude as follows: The silver
production is expected to go through a peak in the 2030s (Table 13
and Figs. 14–16), and because of the rapid use and the very limited
amount of silver available, future silver supply to industry is soon
at risk (2075). After 2100, most silver supply to society will have
to come from recycling and urban mining of the in-use stock in
society. There is no obvious remedy to the situation available at the
moment, except increasing recycling rate and better use efﬁciency.
With these measures, it appears that the supply is secure through
to 2650, when silver ﬁnally runs out.
Conservation policy is needed. The model suggests a slow
increase in silver price in the future, however supply will have an
increasing fraction from recycling; all silver will have to come from
recycling in 2140. Policy has some instruments for promoting and
increasing recycling further, beyond what price alone can do, such
as has been the case with aluminium in recent times (Ciacci et al.,
2013). Examples are a deposit on silver used in items, penalty on
losses and public campaigns to increase attention to collection and
recycling. Without interventions, the price will rise until recycling
reaches levels to satisfy the demand, however, that may  occur at a
late point in time where a lot of silver has been already wasted
(Beder, 2000; Hall et al., 2001; Campbell, 2007). Since silver is
essential for some aspects of modern technology, every govern-
ment needs to think about developing regulations for silver use and
recycling. Rising silver prices may  also change market priorities and
change our behaviour patterns.
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